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Establishing the pathways and mechanisms for the

decomposition of 'nitro' compounds in the gaseous and/or
condensed phases is an arduous, yet entirely worthwhile endeavor.
Initially, interest centered around determining the C-N bond
strength of nitroalkanes,{1-3) and more recently around the
physical and chemical processes which are germane to the
exothermic decompositions of energetic materials.(4-18) pgowever,
such dissociation processes are of fundamental importance, since
several distinct pathways are energetically accessible, and the
chemical processes which accompany the spreading of an initially

localized excitation are important in many contexts.

Several studies involving thermally driven reactions of
nitroalkanes indicate that rupture of the C-N bond as the primary
dissociation step is exclusive to nitromethane, with the
decomposition of other mononitroalkanes resulting in the
production of the corresponding alkene, Most of these studies
were carried out at pressures of several Torr, and temperatures
of 700-1000K, It was suggested that alkene production occurred
by the elimination of nitrous acid (RONO) via a S-membered ring
transition state,(5-11) and the formation of other pyrolysis
products such as NO and NO; is consistent with such a meehanisi,
i1f it is assumed that HONO initiates a chain of secondary
reactions. This is sensible, considering the low bond strength
(48 kcal mol~l) of this species., The first study of such

reactions under collision-free conditions was by Benson et
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al,(19) using the very low pressure pyrolysis technigue. They
showed that the decomposition mechanisms for both 1- and
2-nitropropane involved propylene production. Detection of HONO
was attempted, but was not entirely conclusive; a small beak at
mass 47 was observed, and from this it was inferred that very

little of the HONO survived the high temperature of the reactor.

\Hn the experiments reported herein, we present our initial
results concerning the different photodissociation pathways which
accompany the UV photolysis (222, 249, and 308 nm) of
2-nitropropane (2NP), under collision-free conditions. Since
there are no nitrogen atom lone pair electrons, excitation
involves the promotion of an oxygen atom lone pair electron into
an antibonding T-group orbital. n though the subsequent
radiationless transition out oé:;;i?z rapid, the nuclear motions
which commence upon absorption of a photon cause the nuclei to
reconfigure, particularly in the vicinity of the NOE‘group. The
radical-like nature of the oxygen can facilitate the formation of
a 5-membered ring, which can lead to products such as OH and
HONO, and NO}' can also be liberated efficiently before the
nuclear energies dissipate into the vibrational reservoir of the
propyl radical, We f£ind that all three of these products are
produced at each of the photolysis wavelengths, and that OH is a

nascent product in all instances. This capacity of the system to

produce a well known chain carrier such as OH may be a key to
understanding the initial stages of the \decomposition of

energetic materials in condensed phases.
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II. EXPERIMENTAL METHODS

By now, the experimental arrangement used in the type of
vork reported below has become familiar,(20) and only a brief
description will be given here. Gaseous samples are passed
through a chamber designed for LIF detection, and
photodissociagion is effected with the unfocused UV output from
an excimer laser (Lumonics 860; 222, 249, and 308 nm). The
absorption coefficient for room temperature 2NP (Fig. 1l (a)) is
modest at 249 and 308 nm and rather large at 222 nm, and the
avajilable laser fluences are adequate for dissociating a
reasonable fraction of the material in the beam (~0.05% with
25 mJ cmn~2 at 249 nm). The sample is probed at right angles to
the photolysis beam with beams derived from a Ndirhc laser
system., A 355 nm beam (typically several mJ) counterpropagates
with, and precedes by 6 ns, the tunable radiation from a doubled
dye laser (308~310 nm), which is used to detect OH(X25) via LIF
on the (0,0) band of the A2I* X2y system, None of the laser
beams are focused in the work reported here. The delay between
the excimer and Nd:YAG lasers is controlled digitally (jitter =
420 ns) and the shortest delay used was 40 ns. Signals are
processed using a boxcar integrator (PAR 162/165).

BONO samples are used for calibration purposes and are
prepared by dropping aqueous H;804 solution (10% M) into aqueous
sodium nitrite (0.01 M), in a flow system.(2l) products enter
the main vacuum chamber through a capillary (10 cm x 0,08 am2)

which serves to restrict the flowrate and stabilize the HONO
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concentration. HONO prepared in this way is not pure, but in
equilibrium with B0, NOz, NO, etc. However, we find that this
method of preparing HONO is more convenient than using an
equilibrium mixture made from H,0, NO,, and ¥o.(22,23) gcms
analyses of 2-nitropropane (Merck, 96%) indicate that 1~
nitropropane is the only impurity.

I1I. RESULTS

A. Nascent OH (X?1)

The photolysis of 2NP was carried out at three convenient

excimer laser wavelengths (222, 249, and 308 nm), and the
detection of OH(X2N) was via LIF on the (0,0) band of the A2:*-x2j
system, With 249 and 308 nm photolysis, the §/N was sufficient
to determine the dependences of the peak LIF signals on pressure
and/or delay. These measurements indicate clearly that OH is
pProduced by a collision-free process. With a 40 ns delay between
the photolysis and probe lasers, the peak OH LIF signal intensity
(monitoring the Q;(2) 1ine) varied linearly with the 2NP pressure
over the range 30-300 mTorr. Also, with the 2NP pressure fized

at 200 mTorr, no change in OH LIF signal intensity was observed *;
for delays of 40~1000 ns. With delays >1 us, the variation of ):3
the peak OH LIF signal intensity with delay is different for the :}-}
249 nm and 308 nm photolysis wavelengths., With 249 nm |
photolysis, the OB LIF signal increases by 40% up to delays of Y
20ps, after which the signals decrease due to the diffusion of :_r__j
molecules out of the detection region. Rotational relaxation was ;
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‘_-, - suspected of causing this signal increase, and this was verified :
by measuring the peak OB LIF signal intensity vs. delay in the :..
g presence of varying amounts of an inert buffer, which causes LE
:'z thermalization of the nascent rotational and translational :;-*
d excitations. Data which show the effects of 1,4, and 20 Torr of ’5'53'
N added He are shown in Pig. 2, The results are quite sensible, ‘;-‘
and with 20 Torr of He the signal intensity remained constant ;:
= over the entire delay range., With 308 nm photolysis, there is E?.L
. less energy available for product R,T excitations, and the OH LIF L‘
signal does not vary significantly with delay except at long
: times, where diffusion removes species from the detection region. .
% In all of these experiments, the linewidth of the probe laser is RARS
‘ large enough (-0,7 cm™l) so that all molecules within the nascent
: OH Doppler profile are treated equally by the probe. This
insures that velocity changes do no. produce a concomitant signal .
N change, | ;
. . It was possible to estimate nascent OH(X2l) V,R
: distributions following 249 and 308 nm photolysis, and the
3 results of one such measurement are shown in Fig 3. With 249 and
< 308 nm photolysis, nascent OH(X2I,v"=0) could be ascribed o
rotational temperatures of -370 and 230K respectively. By
f} analyzing the region of the (1,1) band, it is possible to %
§ detect vibrational excitation, and this was done whenever the S/N ‘
permitted such observations., In all instances, [OH(X2I,v"=1)]<<
foa(x2n ,V"=0)], and excited OH(X21) vibrational levels were not ’
examined further. These rotational distributions are consistent F
: with the effects discussed above and shown in Pig, 2, since the ::
. =
X 6 R
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population of N"=2 increases by 40% in going from 370 to 300K,
while the same population shows no noticeable change in going
from 230K to 300K. B8ince product internal excitations are
correlated with product translational recoil in the center of
mass of the parent, product internal state distributions may
possess some memory for the anisotropic nature of the excitation
process, and such detailed considerations will be dealt with in
future experiments. For both 249 and 308 nm photolysis, the
variation of the OH LIP signal with the photolysis laser fluence
was quite linear over a wide range of fluenceg as shown in

Pig. 4. At the lowest photolysis fluences, it is not possible to
saturate any dissociative iransition of the parent or any
conceivable photoproduct. Thus, oa(x2n) derives from a l-photon

process.

Even though the 2NP absorption cross section at 222 nm is
two orders of magnitude larger than that at 249 nm, the S/N
following 222 nm photolysis was much lower than that at 249 nm.
Thus, it was not possible to measure pressure or delay
dependences, or nascent distributions, as carefully as with 249
and 308 nm photolyses. 222 nm photolysis is accompanied by an
emigssion (either parent LIF or product chemiluminescence) which
cannot be removed experimentally, and which acts as a background,
thereby limiting S/N. Also, the amount of OH(X2M) produced, per
photon absorbed, is -5 times less than with 249 nm photdlysls,

and this is discussed below. As with the other cases, the OR LIF
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signals vary linearly with the photolysis laser fluence,
indicating that a l-photon process is responsible for the

observations,

B. Nascent HONO

Having shown unambiguously that OH(X21) derives from the
1-photon, collision-free UV photolysis of 2NP, it remains to

delineate the mechanisms whereby it is produced. Possible

pathways are listed below:

2NP + h v + 2NP* + C3HgNO + OR (1)
+ C3Hg (propene) + NO + OH (2)
+ C3Hg (propene) + HONO (3)
as well as
HONO* + OH + NO 2 H=48 kcal mol-l (4)

where # denotes nascent vibrational excitation. The enthalpy
changes for reactions (1)-(3) depend on the photolysis
wavelength, and are summarized in Table I. Reaction (4) only
contributes to the production of nascent OH(X2) when the nascent
HONO produced via reaction (3) contains internal energy in excess
of 48 kcal mol~l, It is safe to assume that, under the present
experimental conditions, HONO containing >48 kcal mol™l of
internal energy dissociates before it is collisionally
deactivated. The concerted, potentially non-statistical behavior

of reactions (1)-(3), as well as the propensity for dissociations

which result in closed-shell products producing nascent products

vhich are quite internally excited, makes it impossible to ﬁ%i&
predict a priori the roles of reactions (3) and (4) in producing ?f“}
OH. '..
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To determine if HONO is indeed a nascert product, 355 nm

radiation was used to photodissociate BONO via the well-known

Ala*<xla' gystem:(23,24)
HONO + hv -+ HONO* - OH + NO (5)

We use 355 nm fluences which are sufficiently low that they do
not produce measurable effects in the absence of the excimer
laser radiation, Thus, by detecting OH which is produced by

355 nm photodissociation, we can monitor the presence of
HBONO.(20) since nascent HONO internal excitation will affect the
355 nm absorption cross section, it is not possible to
guantitatively determine HONO concentrations in these cases.
Bowever, with thermalized samples, quantitative mesurements are
possible, since known concentrations of HONO can be used to

calibrate the detection apparatus,(20,21)

With either 222 or 249 nm photolysis and under collision-
free conditions, the presence of 355 nm radiation (20 mJ cm—2)
increased the OB LIF signals by ~5%. With this fluence, and
assuming a 300K absorption cross section (Table I), approximately
2% of the HONO will be photodissociated. Thus, it appears that
the nascent HONO concentration exceeds that of nascent OH for
these photolysis wavelengths. With 308 nm photolysis, the
presence of 355 nm radiation increased the OB LIF signals by
approximately 308, Here, it appears that the nascent HONO
concentration exceeds the nascent OH concentration by at least an
order of magnitude. 1In all of these experiments, there was no

obvious dependence on the delay between the photolysis and
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analysis lasers (40 ns, 1 ys, and 30 us), and/or the addition of
buffer gas, This indicates that the absorption cross section of
nascent HONO is not affected markedly by internal excitation,
which is sensible, since 355 nm 1ies in the central portion of

the Ala"<x1a' absorption system (see Fig. 1(b)).
C. Nascent RO2

Perhaps the most conceptually straightforward of the
dissociation pathways is C~-N bond rupture:

2NP + hv -+2NP* -~ C3Hq(isopropyl) + NO, (6)

which has been shown to be an important process in the UV
photodissociation of nitroalkanes.(15-18) 1n our experiments,
NO, was monitored via LIF of the i’Bz‘-izAl system in the region
571-572 nm, and was observed following photolysis at the three
excimer laser wavelengths. Room temperature NO, has structured,
unmistakable features in this region, making identification
straightforward. However, nascent V,R excitations will blur this
fingerprint, and we found that delays 230 ys were necessary in
order to obtain clean, reproducible NO, LIF spectra. As with OH,
we insured that NO, derived from a l-photon, collision-free
process, even though collisions were subsequently used in order
to thermalize nascent V,R excitations. The long delays were also
helpful in discriminating against an emission in the region of
NO, fluorescence, which accompanies photolysis at 222 and 249 nm,
but not 308 nm,

10
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IV, DISCUSSION

From the results presented above, it is clear that a
S-membered ring is involved in at least one of the reaction
pathways at each photolysis wavelength, The OH(X2T) nascent
product can derive from a sequential process, in which nascent
HONO formed with internal energy in excess of 48 kcal mol~—1
subsequently decomposes into OH + NO, as well as the direct
attack of the reactive, radical-like oxygen atom which is
prepared by photon absorption. The latter is facilitated by the
proximity of the B and O atoms, and the large, localized

excitation implanted initially in the NO, group.

The molecular elimination of HONO is the most exoergic of
the different pathways, and is known to dominate for unimolecular
reactions which transpire on Sy at modest excitation&ﬂlg) Such
molecular eliminations are known to leave products internally
excited, and if these products contain sufficient excitation,
they can dissociate without assistance from collisions. At
higher excitations, other pathways become competitive, and
because of the large A-factors for simple bond fission reactions,

such as reaction (6), such pathways may dominate at sufficiently

high excitation.

In the present experiments, the respective roles of
different electronic potential surfaces is not clear., Pollowing
the absorption of a UV photon, S; decays non-radiatively, and
although 8p is often invoked, the states which participate in

the dissociation process are undetermined for the most part. The
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highly localized initial excitation in the NO, group, well above

dissociation threshold, encourages non-statistical behavior on

any potential surface which is coupled to dissociation continua.

b As the photolysis wavelength is decreased, the quantum yields for
the channels producing HONO and NO, vary, and we note that the
ratio [HONO)/[NO3] increases by a factor of -2 in going from 222
to 308 nm,

Finally, we wish to point out that the present experimental
results are quite relevant to the condensed phase reactions of
2 such materials.(4s26) Even with an isolated gaseous molecule
such as 2NP, OH is readily produced and can be attributed to a
S-membered ring which yields OH either directly or by the
subsequent decomposition of HONO following molecular elimination.
The radical-like character of the oxygen atom which promotes
formation of the S-membered ring can play a very important role

in condensed media, where spécies are in intimate contact. BHere,

there is an abundance of possible reaction pathways, and the
? production of OH and/or BONO is not sterically hindered as with o
ti isolated gaseous species., Thus, we expect the OH/HONO channels E;?k
to open significantly relative to the WO, channel. Since HONO

dissociation is facile, it may well be that large concentrations

of OH are produced in the very early stages of decomposition, and
lead to the efficient subsequent consumption of fuel, in the

rapid, exothermic decomposition of an energetic material. _ RN
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Absorption cross sections and reaction exothermicities

relevant to the photodissociation of 2NP and HONO,

b

3 ----8-ISSE.8'8‘."'-.C..S‘SS:.""8‘8.'.'...'.--..---..---.-.'-'-

2 Excess eneigies

l Photolysis Photon Absorption (kcal mol™+)

R wavelength energy cross section? for the following

- (nm) (kfa} (units of 10~18cm2) reactions

5 mol=+) —

g 2NP HONO (1) (2 (3) (6)
222 129 42 1.77 36 60 108 72
249 115 3.82 0.18 22 46 94 S8
308 93 2.90 small 0 24 72 36
355 80 small 0.29 .13 11 59 23

2 por 300K samples.

A WM. e a8 e,
e AN M
g de Tee e HRA v N
PSRN ) L0
PR L D
e ., -, PR "y e
PRI L LT LR R X

wrre
f

i’
":‘u

{

LS S PR I
" B ALY "'.,. .‘:’i'..-'-:v.
;i "1*‘1"-" o % O o

"7
1L

| 4
NS

16

% R
e




PIGURE CAPTIONS

h 1. (a) Ultraviolet spectra of liquid 2np(25) and gaseous

HONO.(21) The absorption features in 2NP are assigned
to an T#*«n transition around 250 nm and to a "% «n
transition at shorter wavelengths.

(b) In BONO, the structured absorption in the region 300-
400 nm has been assigned to the AlA™~X1A' system, and

is an m+n type transition,(24)

2. LIF spectrum of OH, generated by the 249 nm photolysis of
2NP, showing rotational lines of the (0,0) Q;-branch of the
A2:+.x21 gystem. The inset shows the rotational
populations, which can be ascribed a rotational temperature

of 370K.

3. Variation of the Q)(2) peak LIF signal intensity as a
function of the delay between the photolysis and probe
lasers. The increase of the signal intensity is attributed
to rotational relaxation, This {s demonstrated in (a)-(d)
for the case of 249 nm photolysis, where thermalization is
induced by adding varying amounts of buffer gas. The
dependence observed using 308 nm photolysis is shown in (e).
At this photolysis wavelength, no increase in the LIF signal
intensity is observed at delays which allow collisions.
This is consistent with the cooler nascent rotational

distribution (see text).
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& 4.. Variation of the OH LIF signal with the photolysis laser
fluence. With both 249 and 308 nm photolysis, the signals
vary linearly, indicating that in both instances OB is

produced by a l-photon process.
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